Optimization of the interface between high-k dielectrics and SiGe substrates is a challenging topic due to the complexity arising from the co-existence of Si and Ge interfacial oxides. Defective high-k/SiGe interfaces limit future applications of SiGe as a channel material for electronic devices. In this paper, we identify the surface layer structure of as-received SiGe and Al 2 O 3 /SiGe structures based on soft and hard x-ray
P-type MOSFETs fabricated on SiGe substrates with high-k gate dielectrics are promising candidates to enhance MOS device performance due to the higher hole mobility of SiGe compared to Si [1] [2] [3] . It is critical to obtain a good interface between the high-k gate oxide and SiGe for acceptable transistor performance. Silicon layers have been used in previous work as a passivation of the gate dielectric/SiGe interface, building on the excellent properties achieved with SiO 2 /Si interfaces 4 , but this approach generates a trade-off between the interface quality and the scalability of the gate dielectric stack because SiO 2 has a lower dielectric constant than high-k materials.
There are also reports of depositing various high-k dielectrics directly onto SiGe substrates, including Al 2 O 3 , ZrO 2 , HfO 2 , Y 2 O 3 , etc [5] [6] [7] [8] [9] [10] . However, the co-existence of Si and Ge oxides at the surface introduces complexities that often produce an interface with unacceptably high defect density for MOS devices. A lack of detailed understanding of the influence of processing conditions on interface chemistry in highk/SiGe devices prohibits the precise control of the thickness, trap density and stoichiometry of the surface oxides. In this work, we first characterize the surface layer structure of native oxides on as-received SiGe substrate using photoemission spectroscopy (PES). These defective sub-oxides can be removed by wet chemical etching, leaving an oxide-free (by synchrotron PES) SiGe surface. However, re-growth of interfacial SiO x and GeO x during ALD high-k deposition and subsequent annealing is almost unavoidable, and reintroduces a defective oxide/semiconductor interface. We then investigate the oxygen scavenging effect of a reactive (Al) top metal layer to control the thickness and composition of the interface oxide, and achieve very low-D it SiGe MOS capacitors (MOSCAPs). Partial density of states (PDOS) are calculated based on first-principles modeling of GeO x and SiO x terminated SiGe surface structures.
It is found that interface defects exist at GeO x -terminated SiGe surface due to the distorted Ge-O bonds, whereas SiO x -terminated SiGe has low interface trap densities The photoelectron spectroscopy (PES) characterization are performed at Stanford Synchrotron Radiation Lightsource (SSRL) for soft x-ray PES, and at National Synchrotron Light Source (NSLS) beamline x24A for hard x-ray PES (HAXPES).
SSRL beamline 8-1 provides energy ranges from 15 eV to 185 eV, with energy resolution (ΔE/E) around 1×10 -3 , and a spot size (defined by the FWHM) of ~ 0.1 mm 2 .
The photoelectrons are collected by a hemispherical electron energy analyser installed in an ultra-high vacuum chamber. The mean free path of electrons within this energy range is ~ 5Å, so that this technique is very surface-sensitive, and does not resolve composition information at depths much greater than 1 nm below the sample surface.
The PES chamber is kept under ultra-high vacuum (~1×10 -10 Torr), with the capability for angle resolved PES measurements. SSRL beamline 8-2 has a similar configuration, providing an energy range 100eV ~ 1300eV, with an energy resolution (ΔE/E) around 4×10 -4 . NSLS beamline x24A is equipped with an ultra-high vacuum chamber, and uses Page 4 of 30 constant-offset double-flat-crystal Golovchenko-Cowan design monochromator to select proper wavelengths. A Si (111) crystal is available to adjust the energy. Hard x-rays with energies ranging from 1.8 keV to 6 keV is provided. Details of the NSLS beamline x24A can be found in a previous report 12 . The peak intensities for soft x-ray measurements are normalized to the incident beam intensities for fair comparisons among the spectra from different samples, some of the measured curves are vertically shifted for better display in the figures presented herein. For angle-resolved PES (ARPES) of core level peaks, we do not consider the fact that different momentum electrons can escape at different angles from the surface of the material 13 , because the core level states are so localized that they do not have significant k dispersions. It is also difficult to measure k dispersions at energies greater than several 10s of eVs, because momenta within the Brillouin zone are averaged over these energies. The main effect on peak intensity versus take-off angle is the different distance the excited electrons travel before leaving the surface. that of the SiO x peak, it is observed that the GeO x peak decreases more strongly at smaller take-off angles, as shown in Figure 1 (c). Combined with the above results, we can reach some general conclusions about the initial substrate surface composition:
Both SiO x and GeO x are present in the thin native oxide, and GeO x is concentrated beneath a superficial SiO x -rich layer. This composite oxide layer is thicker for higher Ge composition SiGe epilayers, while the GeO x -rich layer is thinner than the SiO x -rich layer.
In order to make SiGe-MOSCAPs, the native oxide composite layer is first We have previously reported Pt-gated ALD-Al 2 O 3 /Ge MOSCAPs with low interface trap density across the Ge band gap 11, 15, 16 , where Pt helps dissociate molecular hydrogen to atomic hydrogen during forming gas (5% H 2 /95% N 2 ) anneal (FGA). This passivates interface traps by 1) direct bonding of hydrogen to Ge interface defects and 2) promoting formation of a GeO 2 interface layer by reacting with residual hydroxyls in the . The silicon oxide peaks detected in our work have a +3.7 eV shift from the Si 1s peak, suggesting that a sub-oxide, rather than SiO 2 , is present at the interface. These SiO x peaks are observed for both as-grown and post-FGA samples, where the intensity ratio of SiO x to Si is larger for the latter samples. For the Ge 2p spectrum, no detectable GeO x peak is observed for the as-grown sample, but there is a GeO x tail for the sample after FGA. The above results indicate that both Si and Ge surfaces are oxidized to varying degrees during FGA.
Although it may appear to be unusual that both elements should be oxidized in a N 2 /H 2 environment, this observation is consistent with the mechanism reported previously in reference 13. Atomic layer deposited Al 2 O 3 films synthesized using the TMA/H 2 O chemistry have been reported to contain residual hydroxyl species 15, 16, 19, 20 . Molecular hydrogen supplied by the forming gas, once dissociated to atomic hydrogen, can react with these hydroxyls (-OH) in Al 2 O 3 to form H 2 O, diffusion of which may transport oxygen to the Si or Ge surface to form interfacial SiO x and GeO x . The results Page 8 of 30 in Figure 6 indicate that formation of SiO x is preferred in this process, as the GeO x relative peak intensity is less than that of SiO x .
Cross-sectional TEM is used to provide direct imaging of the multiple layers of films in a gate stack. As shown in Figure 7 , the cross section TEM bright field image of a Pt/Al 2 O 3 /SiGe MOSCAP after FGA shows a thin region of reduced contrast only at the Al 2 O 3 /SiGe interface that is consistent with an oxide interface layer between Al 2 O 3 and the SiGe substrate, in keeping with the HAXPES results. As a result, using Pt and forming gas anneal forms a mixed SiO x and GeO x layer at the Al 2 O 3 /SiGe interface. The presence of this mixed layer of silicon and germanium suboxides is correlated with of the presence of electrically active defects at the interface.
Previous research on high-k/Si systems shows that a remote metal layer can extract oxygen from an ultrathin oxide layer at the high-k/Si interface, thus decomposing the oxide interlayer. With a thin titanium layer as an oxygen-scavenging overlayer, ZrO 2 /Si and HfO 2 /Si structures with thinned interface oxides were obtained, and the residual Si from the decomposed oxide regrows on the Si substrate epitaxially 21, 22 . In the original reports of interfacial SiO 2 decomposition using a remote Ti layer, no TiO x phase formation was reported. Instead, the ability of titanium to dissolve oxygen at high concentrations as an interstitial solute was noted as a likely pathway for O scavenging 21 . Aluminium does not exhibit high solubility for oxygen conductance model by step-by-step fitting the total capacitance and total conductance at multiple gate biases 25, 26 . The results are shown in Figure 10 . GeO x -terminated and SiO x -terminated SiGe:oxide interfaces are generated on the (100) surface of a SiGe crystal with Si:Ge ratio 3:2 (randomly mixed in the diamond structure), an approximation of the ratio 0.55:0.45 for SiGe used in most of the experiments. The GeO x or SiO x interfaces are capped with amorphous Al 2 O 3 layers generated by ab initio molecular dynamics quenching from 3000K to 300K. The cell is also relaxed to minimize the force at the interface. The same parameters are used as in our previous works 15, 29 .
The total DOS for either a GeO x or an SiO x interface oxide are shown in Figure   12 30, 31 . In contrast, the Ge:GeO x interface is notorious for its high defect density and multiple defect states in the band gap 15 . Compared to Si-O bonds, Ge-O bonds are much weaker, and even twisted bond angles can cause some defect states in the gap. Two illustrations of near-interface bonding in Fig. 12 show defect orbitals for both interfaces. Figure 12 (a) exhibits the defect orbitals in a Ge-terminated interface in the band gap Page 12 of 30 (with the PDOS shown in Figure 12 (b) ). The defects are mainly localized at the Ge and O atoms at the interface. Gap states in the case of a Ge-terminated interface arise from the interfacial Ge atoms with the slightly distorted Ge-O bonds. The band edge of SiGe is in between that of pure Si and pure Ge 32 . Therefore, shallow defect states present at the Si:SiO 2 interface partially spread beyond the band edges, and will not act as interface traps. In contrast, the Ge:GeO x interface defects remain in the band gap, as illustrated in Figure 1 
